To evaluate whether the extracellular volume fraction (ECV) measured using cardiac magnetic resonance (CMR) imaging can detect myocardial tissue changes in dilated cardiomyopathy (DCM) without late gadolinium enhancement (LGE). Forty-one DCM patients and 10 healthy volunteers underwent pre-and post-T1 mapping using a modified Look-Locker Inversion recovery sequence, LGE, and cine MRI on a 3-T CMR system. LGE-MR findings were used to divide DCM patients into two groups: Group A had no apparent LGE, and Group B had LGE apparent in at least one segment. The ECV of the left ventricle (LV) myocardium (16 segments) was calculated in the short-axis view as follows: ECV = [(DR1 of myocardium/DR1 of LV blood pool)] 9 (1 -hematocrit), where R1 = 1/T1, DR1 = post-contrast R1 -pre-contrast R1. The LV ejection fraction (LVEF) was obtained from cine MRI images. The mean myocardial ECV in LGE (-) segments in Group A ? B was compared to that of controls. The mean myocardial ECV in Group A was compared to that of LGE (-) segments in Group B. The correlation between LV systolic function and the mean myocardial ECV of the whole myocardium was evaluated in all groups. Among the 41 DCM patients, 22 were in Group A, and 19 were in Group B. The mean ECV of DCM patents (n = 41, 568 segments, 30.7 % ± 5.9) was significantly higher (P \ 0.001) than that of the control group (n = 10, 157 segments, 25.6 % ± 3.2). The ECV was inversely related to LVEF in Group A (r = -0.551, P = 0.008), Group B (r = -0.525, P = 0.021), and Group A ? B (r = -0.550, P \ 0.001). The ECV measured by MRI could be a useful parameter in evaluating diffuse myocardial changes in DCM patients.
Introduction
Dilated cardiomyopathy (DCM) is a disease characterized by systolic and diastolic dysfunction with ventricular chamber enlargement that leads to progressive heart failure [1, 2] . Although there are several established causes of DCM (e.g., ischemic, nonischemic, genetic, myocarditis, cardiac toxins), the etiology is not apparent in many cases [2] [3] [4] . In DCM, diffuse myocardial fibrosis is a prominent factor during cardiac remodeling [1, 5] , as increasing degrees of myocardial fibrosis are associated with progression of cardiac dysfunction [6, 7] . Late gadolinium enhancement (LGE) is a powerful imaging tool that can detect patterns of fibrosis [8] . Approximately 30 % of DCM patients show mid-wall LGE in areas that do not correspond to a coronary artery territory, which is a finding known to be related to cardiac events and prognosis in DCM [9, 10] . However, LGE often fails to detect diffuse myocardial fibrosis [5, 9] . An endomyocardial biopsy (EMB) can be performed to evaluate possible myocardial fibrosis; however, it is invasive with considerable risk in native hearts [11, 12] . Moreover, fibrosis may be patchy, and therefore the yield of EMB is reduced. Thus, a noninvasive method for quantitating ECV is desirable. Quantification of the myocardial extracellular volume fraction (ECV) using the CMR T1 mapping technique is a noninvasive method for detecting diffuse changes in the myocardium [13] . In non-ischemic DCM, variably elevated ECV were reported [14, 15] ; however, there are no prior reports on the quantification of the ECV in patients without obvious LGE. The purpose of the current study was thus to evaluate the utility of the ECV in the detection of diffuse myocardial changes in DCM without obvious LGE.
Materials and methods

Patient selection
From March 2010 through November 2013, 123 patients who were suspected to have cardiomyopathy were referred to our hospital. The inclusion criteria for the patient group were as follows: (1) left-ventricular chamber dilatation and LV end diastolic diameter (LVEDD) on short-axis view C6 cm and (2) systolic dysfunction with or without right ventricle (RV) dysfunction and LV ejection fraction (LVEF) B40 %. Sixty-three patients fit the inclusion criteria. The exclusion criteria were (1) ischemic cardiomyopathy (n = 21) and (2) restrictive cardiomyopathy (n = 1). In total, 41 patients were enrolled in this study. Ten healthy volunteers who had no history or risk factors associated with heart disease were also enrolled. The hematocrit values of the patients and volunteers were acquired by venous sampling on the day of CMR acquisition. This single-center, prospective study was approved by our Institutional Review Board (IRB), and informed consent was obtained from all patients.
CMR protocol
CMR imaging was performed using a 3.0T MR scanner (Magnetom Trio Tim, Siemens AG Healthcare Sector, Erlangen, Germany) with a six-element body matrix coil and a spine matrix coil array. Localization of the heart was performed with TrueFISP localizers under electrocardiographic (ECG) gating. Cine, LGE, and pre-and post-contrast T1 mapping images were acquired. For cardiac functional analysis, cine images were acquired using a TrueFISP sequence in a short-axis plane orientation using the following parameters: TR = 3.3 ms, TE = 1.44 ms, flip angle = 50°, 25 phases, slice thickness = 8 mm, slice gap = 8 mm, acquisition matrix = 216 9 256, and a field of view = 337 9 400 mm 2 . T1 mapping was performed using a non-product modified Look-Locker Inversion-recovery (MOLLI) sequence in end expiration at three short-axis planes (i.e., basal, mid, apical left-ventricular level). For imaging, the nonselective inversion pulse, a TrueFISP single-shot readout sequence in mid-diastolic phase, was employed using the following parameters: field of view = 308 9 380 mm, acquisition matrix = 126 9 192, slice thickness = 8 mm, TR = 2.43 ms, TE = 1.01 ms, minimum inversion time = 100 ms, inversion time increment = 80 ms, flip angle = 35°, parallel acquisition technique factor = 2, number of inversions = 3, three images acquired after the first inversion, pause three heart beats, three images acquired after the second inversion, pause three heart beats, and five images acquired after the third inversion (''3,3,5'' sequence). Fully-automated, non-rigid motion correction was applied to register the individual TI images before inline T1 fitting was performed using a mono-exponential 3-parameter fit. Pre-T1 mapping images were acquired before the injection of contrast. Postcontrast T1 mapping images were acquired 15 min after injection of a 0.2 mmol/kg intravenous dose of gadolinium contrast agent (Gadovist, Bayer Schering PharmaAG, Berlin, Germany). Between pre-and post-contrast T1 mapping sequences, LGE MR imaging was obtained 10 min after the injection of the contrast agent using a magnitude-and phase-sensitive inversion recovery (PSIR) prepared True-FISP sequence, with the inversion time adjusted to null, representing the normal myocardium. LGE images were obtained along the same axis plane and with the same slice thickness as that used for the T1 mapping images (TR = 5.83 ms, TE = 3.24 ms, FOV 380 9 380 mm 2 , thickness 8 mm, matrix = 320 9 320, non-selective inversion recovery, flip angle = 208, BW 460 Hz/pixel, number of trigger pulses = 2). The appropriate inversion time prior to LGE MR imaging was determined using a FLASH sequence with varying inversion times from 150 to 650 ms to null, representing the signal from the normal myocardium.
MR image analysis
Functional analysis
All MR images were transferred to a picture archiving and communication system (PACS; Centricity 1.0; GE Medical Systems, Mt Prospect, IL, USA) for image analysis. Two radiologists (Y.J.H and C.H.P) with 9 years of experience in cardiovascular image interpretation, who were blinded to the clinical data, independently analyzed all MRI images. The two observers assessed the function of the left ventricle (LV) on the short-axis cine MRI images using commercially-available software (Argus; Siemens AG Healthcare Sector, Erlangen, Germany). LVEDD was assessed at the mid ventricle where papillary muscles are visible on the short-axis view (Fig. 1) . The endocardial and epicardial borders of the LV wall were delineated semi-automatically on the end-diastolic and endsystolic images. The papillary muscles and trabeculations were excluded from the LV myocardium. LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV) were automatically measured. LVEF (%) was calculated as follows:
Measurement of pre-and post-contrast T1 values and ECV (%) For regional analysis of the LV myocardium, pre-and postcontrast T1 mapping images obtained in three short-axis planes (i.e., basal, mid, apical LV level) were divided into 16 segments based on the AHA recommendation for the regional analysis of LV myocardium [18] , excluding the apical segment (six segments for basal, mid LV, and four segments for apical level). For measurement of the T1 myocardial value, the region of interest covering each segment was drawn as large as possible while avoiding the partial volume averaging artifact [19, 20] (Fig. 2) . For a measurement of the T1 value of blood, a circular region of interest larger than 200 mm 2 was drawn in the LV cavity avoiding the papillary muscle. The ECV of the myocardium was calculated from the equation using hematocrit and pre-and post-contrast T1 values of the LV myocardium and blood cavity as follows:
Image analyses
Two investigators systematically recorded the presence of LGE in each segment: LGE (?) or LGE (-), and DCM 
Statistical analyses
All continuous data were expressed as means ± standard deviations (SD), and categorical variables were presented as numbers or percentages. An independent t test was used to compare means of the pre-T1, EF, LVEDV, LVESV, LVEDD, and ECV from DCM patients and the control group. Analysis of variance (ANOVA) with post hoc analysis using the Bonferroni method was used to compare the pre-T1, EF, LVEDV, LVESV, LVEDD, and ECV in the control group, Group A, and Group B. A Pearson analysis was used to evaluate the correlation between ECV and EF in each group. An intraclass correlation coefficient (ICC) was used to determine the inter-observer reliability of T1 values and ECV measurements. P values less than 0.05 were considered statistically significant. All statistical analyses were performed using the Statistical Package for the Social Science (SPSS) software (ver. 20, SPSS Inc., Chicago, IL, USA). Table 2 .
Results
The mean myocardial ECV of LGE (-) segments in DCM patients (30.7 % ± 5.9), (Group A ? B, n = 41; 568 segments) was significantly higher (P \ 0.001) than that of the control group (25.6 % ± 3.2, n = 10; 157 segments, three segments excluded due to the presence of an artifact; Table 3 ; Fig. 3 ). The mean myocardial ECV in Group A (31.2 % ± 5.6, 349 segments,) was significantly higher (P \ 0.001) than the mean myocardial ECV in the control group (25.6 % ± 3.2); it was also significantly higher (P = 0.019) than that of LGE (-) segments in Group B (29.9 % ± 6.2, 219 segments) ( Table 3 ; Fig. 4 ). The mean (Table 3) . When the ECV of the whole myocardium, including LGE (-) and LGE (?) segments, was correlated with LVEF analyzed by cine MRI, there was no relationship between EF and ECV in the control group (P = 0.553; Fig. 5a ). In Group A and B, the ECV was negatively correlated with EF (Group A: r = -0.551, P = 0.008; Group B: r = -0.525, P = 0.021; and Group A ? B: r = -0.550, P \ 0.001) ( Fig. 5b-d Table 3 ). The interobserver reliability between the two readers was very high (ICC = 0.998 in T1, 0.986 in ECV, P \ 0.001).
Discussion
The objective of the current study was to evaluate the feasibility of using cardiac MRI to quantify the ECV in DCM patients without overt LGE. The results of our study showed that quantification of the ECV using CMR was an effective method for detecting myocardial changes in DCM patients, even in cases where LGE was not apparent in the myocardium. The mean myocardial ECV in DCM patients without overt LGE was significantly higher than the average myocardial ECV in control subjects, and was negatively correlated with the ejection fraction. Recently, there have been numerous reports on the usefulness of the ECV as a parameter for detecting various cardiomyopathies other than myocardial infarction [15, 21, 22] . In nonischemic cardiomyopathy, variably elevated ECV were noted [15, 22] ; however, there have been no prior reports on the clinical significance of the ECV in patients without apparent LGE. Wu et al. [21] reported that adverse cardiac outcomes were significantly higher in non-ischemic cardiomyopathy patients with LGE than without LGE. However, the absence of LGE did not ensure the absence of adverse cardiac events, including malignant ventricular arrhythmias [21] . We focused on DCM patients without overt LGE and demonstrated that ECV is correlated to systolic dysfunction and is a reliable value for characterizing diffuse myocardial changes. Although LGE could not detect myocardial abnormalities in patients with diffuse myocardial changes, it has been regarded as the gold standard for the evaluation of myocardial fibrosis. Several studies have reported on the prognostic value of LGE in cardiomyopathy, and thus the utility of LGE for detecting myocardial fibrosis has been well established [9, 21, 23] . In non-ischemic cardiomyopathy, LGE has also proven to be a useful tool for diagnosis and prognosis. Assomull et al. [9] reported that the LGE pattern of focal mid-wall fibrosis sparing the endocardium was a finding characteristic of DCM, and they showed a hazard ratio of 3.1 (95 % CI 1.1-8.5, P = 0.03) for the combined outcomes of all-cause mortalities and hospitalizations for any type of cardiovascular event. Further, Wu et al. [21] reported that the presence of LGE, regardless of segmental pattern, is associated with an adverse cardiac prognosis in non-ischemic cardiomyopathy.
Still, the use of LGE for the evaluation of diffuse myocardial fibrosis remains limited because it can only detect focal myocardial fibrosis. In diffuse or subtle myocardial disease, the accurate nulling of normal myocardium is difficult owing to the lack of a normal myocardial Ref. [5] . Among the 41 DCM patients included in our study, more than 50 % of the patients displayed delayed enhancement or no overt delayed enhancement in the myocardium. However, on ECV analysis, almost all of the DCM patients without apparent LGE exhibited elevated ECV in the myocardium. Additionally, the myocardial segment without overt LGE also displayed an elevated ECV even in DCM patients with an obvious LGE segment, which suggests that the myocardium without LGE had already changed to diffuse fibrosis. Without the T1 mapping sequence, any myocardial changes in these patients could not be detected using cardiac MRI. T1 mapping has emerged as a promising quantitative method for detecting diffuse myocardial fibrosis. However, T1 values are known to be affected by confounding variables such as field strength, dose of gadolinium contrast agent, scan time, and renal function [24] . In contrast, ECV is known to be a more constant value rarely affected by these variables. Recently, the evaluation of ECV using equilibrium contrast CMR (EQ-CMR) was shown to be a robust and accurate method to quantify diffuse myocardial fibrosis. Measurement of ECV in EQ-CMR is based on the hypothesis that in an equilibrium state, concentrations of gadolinium contrast are equal in the blood and myocardial interstitium [25, 26] . Ugander et al. [13] showed that ECV measured by pre-and post-contrast T1 mapping could quantitatively characterize myocardial infarction, atypical diffuse fibrosis, and subtle myocardial abnormalities not clinically apparent on LGE images. Mongeon et al. [22] quantified ECV in patients with various infiltrative heart diseases and showed that ECV was strongly correlated to segmental LGE and LV mass index and reflected the severity of myocardial infiltration. Sado et al. [15] also demonstrated that ECV was a potentially useful biomarker for various cardiomyopathies. The results of the present study are in accordance with earlier studies that validated the use of CMR to assess the ECV and demonstrated that assessment of ECV was highly correlated with disease severity and deterioration of cardiac function [22, 27] .
There are several limitations in our study. First, the sample size was small, which prevents generalization of the data. Second, follow-up data or pathological confirmation was not possible. Further studies will be required to evaluate whether or not elevation of ECV on a CMR study is independently associated with an adverse cardiac prognosis. Third, the amount of delayed hyperenhancement was not measured quantitatively. Fourth, in measuring ECV values, although pre-T1 and post-T1 maps were created with the same parameters including slice thickness and slice position, the location of measurement on the pre-T1 and post-T1 map images may be not exactly the same because they were scanned at different time points. Finally, the wide range of ages in the patient group might introduce bias; however, the age distribution followed a nominal distribution, and the mean value was not different from that of the control group.
Conclusion
In conclusion, almost all of the DCM patients without apparent LGE exhibited elevated myocardial ECV. In addition, the ECV was negatively correlated with LV systolic function. Therefore, ECV measurements using a T1 mapping technique could be a useful non-invasive tool to detect diffuse myocardial changes in DCM patients.
